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The paper reports a detailed experimental study on magnetic relaxation of natural horse-spleen ferritin. ac
susceptibility measurements performed on three samples of different concentration show that dipole-dipole
interactions between uncompensated moments play no significant role. Furthermore, the distribution of relax-
ation times in these samples has been obtained from a scaling of experimental x9 data, obtained at different
frequencies. The average uncompensated magnetic moment per protein is compatible with a disordered ar-
rangement of atomic spins throughout the core, rather than with surface disorder. The observed field depen-
dence of the blocking temperature suggests that magnetic relaxation is faster at zero field than at intermediate
field values. This is confirmed by the fact that the magnetic viscosity peaks at zero field, too. Using the
distribution of relaxation times obtained independently, we show that these results cannot be explained in terms
of classical relaxation theory. The most plausible explanation of these results is the existence, near zero field,
of resonant magnetic tunneling between magnetic states of opposite orientation, which are thermally populated.
@S0163-1829~99!08817-7#I. INTRODUCTION
The study of quantum phenomena in materials having me-
soscopic size magnetic units has been a fruitful research field
for the past ten years.1 Recent experiments performed on
samples of Mn12 acetate show that the nonequilibrium mag-
netization and the ac susceptibility approach abruptly their
equilibrium limits at several values of the applied field.2–4
These field values fulfill resonance conditions, that is, some
spin-up states are degenerate with some spin-down ones.
Concurrently, experimentally obtained relaxation rates have
sharp maxima at the same field values.2–6 These data give
strong evidence for the existence of quantum resonant tun-
neling between degenerate spin states. Since it is found that
the relaxation rates still follow Arrhenius’ law at any value
of the applied field, tunneling must take place between states
which are thermally populated. Different theories have been
proposed in order to account for the above-mentioned
experiments.7–9
The existence of resonant tunneling is directly related to
the discreteness of the energy-level spectrum of a Mn12 ac-
etate molecule. Therefore it seems reasonable to expect that
similar effects can also occur in single domain particles hav-
ing a limited amount of discrete energy levels. Particles
made of antiferromagnetic materials are ideally suited for
this purpose. The total spin of these particles is the result of
a noncomplete compensation, due to finite-size effects ofPRB 590163-1829/99/59~18!/11837~10!/$15.00both magnetic sublattices.10,11 The total spin of an antiferro-
magnetic particle is therefore much smaller than that of a
ferromagnetic particle of the same size. Energy differences
between adjacent energy levels are correspondingly larger
for the antiferromagnetic case. Thus these particles offer the
possibility to observe resonant quantum phenomena at a
larger size scale. Unfortunately, single domain particle sys-
tems are rather complex. Usually, assemblies of such par-
ticles have considerable size distribution and their easy axes
of magnetization are randomly oriented. Therefore only at
zero field the spin states of all particles are doubly degener-
ate. Another obstacle is that theoretical expressions for the
measured quantities can only be obtained if the particles do
not interact magnetically. A precise characterization of the
magnetic behavior of a sample with various experimental
techniques is therefore advisable.
The aim of this paper is to present a detailed experimental
study of magnetic relaxation in natural horse-spleen ferritin.
Ferritin is a protein which stores iron in mammals.12 It con-
sists of a magnetic core of ferrihydrite surrounded by a pro-
tein shell.13 Each core is about 7 nm in diameter and can
contain up to 4500 Fe31 ions.14 It is antiferromagnetic be-
low 240 K, but the protein may have a little uncompensated
magnetic moment which arises from finite-size effects. It has
been shown by different experimental techniques that ferritin
behaves as an ideal superparamagnet above 20 K, whereas
magnetic moments become progressively frozen below that
temperature.15–2311 837 ©1999 The American Physical Society
11 838 PRB 59F. LUIS et al.Awschalom et al.23 used ferritin in research on quantum
tunneling. They observed a resonance, centered about 1
MHz, in x9(v) curves measured below 200 mK. They as-
cribed the resonance to the existence of coherent tunneling
between degenerate spin states. Later, ferritin was also used
in relaxation experiments of Ref. 16. It was observed that the
magnetic viscosity, which measures the average relaxation
rate of a sample, becomes temperature independent below
2.4 K. This result could be seen as an experimental evidence
of incoherent spin tunneling.16 Although both sets of experi-
mental data point to the existence of quantum relaxation in
ferritin, there is an apparent contradiction between them. On
one hand, the resonance experiments suggest that most mag-
netic moments tunnel at frequencies of the order of 1 MHz
below 200 mK whereas, on the other hand, relaxation experi-
ments show that almost all the particles are already blocked
at 4 K and observation times of 100 s, approximately. De-
spite other experimental details, which mainly concern the
sample preparation, the crucial difference is that the field
applied to the sample in relaxation experiments is about six
orders of magnitude larger than the ac field of Ref. 23. It is
tempting to associate the slowing down of magnetic relax-
ation to the detuning, induced by the applied field, between
the two lowest-lying energy states.24 This idea received ex-
perimental support recently, when Tejada and co-workers
found that magnetic viscosity of natural ferritin increases
markedly as the final field is reduced towards zero.20
In this paper, we give additional experimental evidence
that resonant tunneling occurs in natural ferritin at zero field.
It is shown that when the concentration of ferritin in the
samples is increased by an order of magnitude, the ac sus-
ceptibility is not affected significantly, therefore magnetic
interactions between different protein cores should play a
minor role in explaining our experiments. The ac suscepti-
bility provides independent information about the distribu-
tion of relaxation times and the average magnetic moment in
our samples. Therefore, using this crucial information, we
have been able to compare the experimental results with the-
oretical predictions for classical thermally activated relax-
ation that take into account the antiferromagnetic character
of the particles. Our two main findings are ~1! that the block-
ing temperature, obtained from dc and ac susceptibility ex-
periments, increases as the applied field increases, and ~2!
that magnetic relaxation, either obtained from hysteresis
measurements or from the magnetic viscosity, proceeds
faster at zero field. Although, as already was pointed out in
Refs. 22 and 25, an increase of the blocking temperature
with the applied field can be explained classically as an ef-
fect due to the distribution of relaxation times, we observed
that the experimental variation is faster than the classical
prediction. Furthermore, the magnetic relaxation measured
close to zero field clearly differs both quantitative and quali-
tatively, from the classical prediction that, on the other hand,
explains reasonably well the data measured at higher fields.
Thus we conclude that the combination of ac and dc suscep-
tibility data and the magnetic viscosity cannot be understood
in terms of classical relaxation, and needs the concourse of a
magnetic quantum tunneling mechanism to be interpreted.
The paper is organized as follows. In the next section we
give suitable expressions for the magnetic viscosity and ac
susceptibility of a set of independent antiferromagnetic par-ticles. We extend previous calculations of the ac susceptibil-
ity to the case in which a nonzero magnetic field is applied to
the sample. The experimental data are shown in Sec. III.
Special care is taken of the characterization of the sample in
the classical relaxation regime. In Sec. IV we show that our
data are compatible with the existence of resonant tunneling
at zero field. Finally, we list the main conclusions which
follow from our work.
II. THEORETICAL BACKGROUND
We consider here a system of noninteracting single do-
main magnetic particles ~SDP! dispersed in a nonmagnetic
rigid matrix. We restrict ourselves to a case where magnetic
anisotropy gives rise to a single preferred direction for the
magnetic moment of each particle. Our aim here is to give
expressions for the magnetic viscosity and ac susceptibility
which can be compared to experiments, pointing out the dif-
ferent behavior of ferro- ~F! and antiferromagnetic ~AF! par-
ticles. The magnetic moment m of an AF particle arises from
Nuc uncompensated atomic moments m, that is, m5Nucm .
The magnitude of Nuc depends on the type of atomic disor-
der which is at the origin of such lack of compensation. For
simplicity, we assume that Nuc;Np, where N5rV , r is the
density of atomic spins, V is the particle’s volume, and p
<1. It has been proposed that p51/2 if disorder extends
through the whole particle,10 whereas p51/3 if it is restricted
to the surface.11
A. Magnetic viscosity
Let us first consider a set of SDP of volume V whose easy
axes are aligned and make an angle c with respect to the
applied field H. The relaxation rate G for the evolution to-
wards the equilibrium magnetization is given by
G5G0 expF2 UkBT*G . ~1!
Here G0 is an attempt frequency, U is an activation energy,
and T* is an effective temperature which depends on the
relaxation mechanism. T* equals T if relaxation takes place
by thermally activated transitions over the energy barrier,
whereas it becomes equal to a constant TQ , that depends
only weakly on V, if quantum tunneling between lowest-
lying states is most probable. The crossover between both
regimes occurs at T5TQ . In both cases, assuming uniform
rotation of all atomic spins in the particle and that the field
makes an angle c with respect to the easy axes, U
5K0Vg(V ,H ,c), where K0 is the density of anisotropy en-
ergy and g is given by26
g~V ,H ,c!.@12H/Ha~c!#k~c!. ~2!
Here, Ha(c).Ha(0)@(sinc)2/31(cos c)2/3#23/2 is the anisot-
ropy field, and k.0.8611.14@Ha(c)/Ha(0)# . A few words
about the physical meaning of Ha(0) may be appropriate
here. Equation ~2! is only valid at low enough fields such
that the magnitude of m does not differ appreciably from its
zero-field value. In this field range Ha(0)52K0V/m . Conse-
quently, Ha is independent of V only if m is proportional to
it, which is not the case for an AF particle. At higher fields a
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the field induced increase of m . However, this effect can be
relatively small if the exchange interaction between the
atomic spins is large enough. It follows that the anisotropy
field of a single domain AF particle can be much larger ~by
a factor of N/Nuc , approximately! than it is for each mag-
netic sublattice of the bulk material.
For a sample containing particles of different size, the
magnetization M of the sample is a superposition of contri-
butions, each decaying exponentially in time towards its
equilibrium value, with a different G given by Eq. ~1!. Since
magnetization decay is measured during several hours and
G0;109 –1013 s, the exp(2Gt) factor is essentially the theta
function of U2Ub , where Ub(t)5T*ln(G0t) is the activa-
tion energy of the particles that contribute most to the mag-
netic relaxation. If the easy axes of all particles are aligned it
is possible to calculate the evolution of M with time as27
M ~ t !5M eq~H ,T !1E
Vb
`
@M 0~V !2M eq~V ,H ,T !# f ~V !dV .
~3!
Here f (V) is the fraction of total sample’s volume that is
occupied by particles of volume V and Vb fulfills K0Vbg
5Ub . We assume that f (V) is a smooth function of V, as it
is indeed the case for ferritin ~see below!. Note that
M eq(H ,T) is the equilibrium magnetization of the whole
sample at the field H whereas, in contrast, M eq(V ,H ,T) re-
fers only to a subset of particles having a given size. M 0(V)
is the magnetization of this subset at t50, after all reversible
magnetization processes have died out.
If the particles’ easy axes are oriented at random, the
interaction with an applied field can broaden the distribution
of energy barriers with respect to the distribution of
volumes. 22,26,28,29 Equation ~3! can still be used provided the
applied field is small enough in comparison to the anisotropy
field Ha . In this case, @M 0(V)2M eq(V ,H ,T)# must be av-
eraged over all particle orientations.
The time derivative of M is given by
]M
] ln~ t ! 52
kBT*
K0g~V ,H ,c!
f ~Vb!@M 0~Vb!2M eq~Vb ,H !# .
~4!
Here, both Vb and @M 0(Vb)2M eq(Vb ,H)# depend on tem-
perature and field. We note, as another important feature dis-
tinctive to AF particles, that the saturation magnetization
M s}Nuc /N , therefore it depends on the particles’ volume.
Accordingly, @M 0(Vb)2M eq(Vb ,H)# depends on tempera-
ture for almost any experimental condition. It is therefore
convenient to estimate experimentally this temperature de-
pendence before we extract from @]M /] ln(t)# any informa-
tion concerning the nature ~quantum or classical! of the re-
laxation process. A more convenient definition of magnetic
viscosity follows:
S~T ,H !52
1
@M 0~Vb!2M eq~Vb ,H !#
]M
] ln~ t ! , ~5!
which, according to Eq. ~4!, is independent of equilibrium
magnitudes.B. ac susceptibility at zero field
The zero-field ac magnetic susceptibility x of noninteract-
ing ferromagnetic particles has been calculated elsewhere.30
Here we will only rewrite the expressions given in Ref. 30 in
order to take into account the antiferromagnetic character of
ferritin. We also consider that the easy axes of magnetization
are randomly oriented. Using simple approximations30,31 the
following expressions apply:
x8.E
0
Vb
xeq~V ,T ! f ~V !dV1
2
3EVb
`
x'~V ,T ! f ~V !dV1xa f ,
~6!
x9.
p
6K0
kBT*xeq~T ,Vb! f ~Vb!, ~7!
where Vb(v) now simply equals Ub /K0 , xeq5 23 x'1 13 x i ,
x i , x' are the equilibrium zero-field susceptibilities along
directions parallel and perpendicular to the anisotropy axis,30
respectively, and xa f is the antiferromagnetic susceptibility.
As explained in Ref. 30, the response to the component of
the applied field which is parallel to the easy axis involves
overcoming the energy barrier and it leads to irreversibility
when V.Vb . In contrast, for vG0!1, the response to a field
perpendicular to the easy axis is fully reversible. The first
two terms in Eq. ~6! give the contribution of the uncompen-
sated moments.
If K0V@kBT then xeq.m2/3VkBT . Thus, according to
Eq. ~7!, if all magnetic moments reverse by a thermally ac-
tivated relaxation process, x9 is a function only of Vb be-
cause K0Vb@kBT . Since the value of Vb for a given tem-
perature depends on G0, best superposition of experimental
x9(T) curves measured at different frequencies gives an es-
timation of this parameter. Fitting experimental data to Eq.
~7!, the distribution of volumes in a given sample can be
obtained. This experimental technique was first applied to
obtain the fraction of particles of a CrO2 recording tape
which are superparamagnetic at room temperature.32
From Eqs. ~6! and ~7! it follows that x8 and x9 have a
maximum centered about TB(x8) and TB(x9), respectively.
It can also be shown that, within a good approximation, these
maxima shift with v according to
lnS G0v0D5 Ue fkBTB . ~8!
We shall denote by Ue f8 and Ue f9 the effective energies for x8
and x9, respectively. They are, respectively, solutions of
Ue f8 5
E
0
U
e f8 ~m2/U ! f ~U/K0!dU
$@m~Ue f8 !#2/Ue f8 % f ~Ue f8 !
~9!
and
~2p21 ! f ~Ue f9 !1Ue f9
] f
]U UU5U
e f9
50 , ~10!
which follow from a straightforward derivation of Eqs. ~6!
and ~7!. We emphasize that, in general, neither Ue f8 nor Ue f9
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Instead, they can depend strongly on the width of the vol-
umes’ distribution f.
If, in contrast, magnetic moments tunnel between lowest-
lying states, localized on opposite sides of the anisotropy
energy barrier, Vb becomes temperature independent. In that
case, those magnetic moments which are superparamagnetic
at T5TQ remain in thermal equilibrium down to 0 K. These
particles give therefore the most important contribution to x8
below TQ . Moreover, x9.(TQ /T)x9(TQ) @see Eq. ~7!#.
Thus, irrespective of the details of f (V) and of the equilib-
rium susceptibilities, x8 and x9 must increase as 1/T below
TQ .
C. ac susceptibility under an applied dc magnetic field
A magnetic field destroys the symmetry around the easy
axis of each particle. Therefore reversible xrev and irrevers-
ible x irr responses to the ac field are no longer given by
parallel and perpendicular susceptibilities, respectively.
Let us denote by umin
(1) and umin
(2)
, the position of the two
energy minima of a given SDP. xrev appears as a result of
the small variation, induced by the ac field, of umin
(1) and umin
(2)
,
whereas the change of their relative equilibrium populations
gives rise to x irr . At low temperatures, when occupation
probabilities of excited states within each anisotropy energy
well are very small, we can roughly estimate xrev as follows:
xrev.
m
V S P1 ] cos~c2umin
~1 ! !
]H 1P2
] cos~umin
~2 ! 2c!
]H D ,
~11!
where Pi5(1/Z)exp$2@E(umin(i) )2E(umin(1) )#/kBT%, Z51
1exp$2@E(umin(2) )2E(umin(1) )#/kBT%, and c is the angle of the
applied field with respect to the easy axis. Using this expres-
sion x irr can be estimated as xeq2xrev , since it is relatively
easy to calculate numerically xeq.33 We have plotted in Fig.
1 x irr as a function of the temperature for several values of
FIG. 1. Irreversible component of the equilibrium susceptibility
of a set of noninteracting identical SDP calculated for c5p/4 and
different values of the applied field in units of the maximum anisot-
ropy field ~these values correspond, respectively, to H50, 0.2, 0.4,
0.6, 0.8, 1 kOe for ferritin!. The parameters K0V5324kB , K0
52.53105 erg/cm3, and m5334mB , which correspond to the av-
erage values for ferritin, were used in the calculations. The concen-
tration of magnetic particles is the same as in sample S.the applied field and c5p/4. We see that the magnitude of
x irr decreases as H increases whereas xrev ~not shown! was
found to depend weakly on the applied field and temperature.
There is still another important feature of Fig. 1 which must
be considered. Even at relatively low fields, x irr deviates
significantly from the 1/T dependence. Moreover, it has a
peak at a finite temperature which increases as the field in-
creases. From this calculation it follows that, even for pure
classical relaxation, the values of TB(x8) and TB(x9) not
only depend on the relaxation times of the particles, but also
on equilibrium properties. Thus they can either increase or
decrease as H increases.
In order to compare numerical calculations of the ac sus-
ceptibility to our experimental results for ferritin it is still
necessary to introduce a distribution of particles’ volumes
and orientations. We consider, as we did at zero field, that
the response of blocked particles ~which fulfill v/G.1) is
just equal to xrev ~because reversible processes take place in
time intervals of the order of 1/G0;10212 s, much shorter
than the time scale 1023,1/v,1021 s of our ac measure-
ments! and that superparamagnetic particles ~for which
v/G,1) are in equilibrium. Similarly, we only consider
contributions to x9 of those particles which fulfill v/G51.
Using these approximations, it follows that
x8.xrev1E
0
p/2S E
0
Ub
x irr~U ,T ,H ,c! f @V~U ,H ,c!#
]V
]U dU D
3sin cdc , ~12!
x9.
pkBT*
2K0
E
0
p/2 x irr~Vb ,T ,H ,c! f ~Vb!
g1k~12p !~12g1/k!~g !121/k
sin cdc ,
~13!
where g has been defined in Eq. ~2!.
Equations ~12! and ~13! are, in fact, direct generalizations
of Eqs. ~6! and ~7!, respectively. For thermally activated re-
laxation, it follows that x8 tends to xrev , which we found to
be weakly dependent on the applied field, as T goes to 0. In
contrast, since the irreversible contribution of the superpara-
magnetic particles to the susceptibility decreases as H in-
creases, both x8 and x9 must decrease too at finite tempera-
tures. Below, we shall use these theoretical developments to
interpret our experimental results.
III. EXPERIMENT
A. Experimental details
The samples used in these experiments were obtained by
varying the concentration of commercial ferritin from horse
spleen ~Fluka Biochemika, 46230!. Sample D ~diluted! is
just the commercial one. Samples C ~concentrated! and S
~solid! were obtained from this one by reducing the amount
of solvent using two different methods. For sample C, the
original diluted solution was mixed with K2SiO4 and then
centrifuged for about one hour. Sample S was obtained using
a microconcentrator MICROSEP, which has a cutoff mass at
30 KD. Magnetic measurements were performed in a Quan-
tum Design superconducting quantum interference device
magnetometer with the ac susceptibility measurement option.
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magnetic signal was undetectable. For samples C and S, the
diamagnetic signal of the sample holder was, in any case,
negligible with respect to that of the sample. Hysteresis
cycles and ac susceptibility were measured after cooling the
sample at zero applied field. Magnetic relaxation experi-
ments were performed as follows: first the sample was
cooled in zero field from the superparamagnetic state down
to the measurement temperature, then the field was applied
and we observed the ensuing evolution of the magnetization
to its equilibrium state, determined by the field and tempera-
ture.
B. Sample characterization in the thermally activated
relaxation regime
Dipolar magnetic interactions between different particles
can modify the height of energy barriers separating different
orientations of a magnetic moment. It is therefore desirable
to obtain samples where such interaction effects may safely
be neglected. We next show that it is indeed the case for
natural ferritin. Experimental x8 data, normalized to their
respective maximum values, for samples D, C, and S are
shown in Fig. 2. The ratio between normalization factors for
samples D, C, and S is 1:5:17, from which we directly obtain
the ratio between their concentrations. These curves neatly
superimpose one on each other. Thus the magnetic response
and relaxation times of the particles are not affected as we
increase the concentration by more than an order of magni-
tude. Therefore our experimental data give the magnetic re-
sponse of a set of independent magnetic particles. This
agrees with the fact that the zero-field cooled magnetization
data follow Curie’s law above the blocking temperature.
In-phase x8 and out-of-phase x9 components of the mag-
netic susceptibility for sample D are plotted in Fig. 3 as a
function of temperature. Above 30 K, x8 follows approxi-
mately Curie’s law and, correspondingly, x9.0. That is,
magnetic moments are superparamagnetic in the time scale
of our experiments. Below 30 K, the blocking of progres-
sively smaller magnetic moments leads to a decrease of x8
and to the onset of a nonzero x9 value. TB(x8) and TB(x9)
increase as the frequency v/2p of the applied field increases.
FIG. 2. Comparison between x8(T) measured at n59 Hz for
the three samples investigated in this work. Susceptibility curves
have been normalized to their respective maximum values.This frequency dependence can be fitted to Eq. ~8! in order
to estimate G0 , Ue f8 and Ue f9 . Fitting parameters obtained in
this way for samples D, C, and S are listed in Table I. We
note that Ue f8 and Ue f9 are clearly different from each other,
which results from the finite width of f (V).
Since dipolar interactions are negligible we can obtain
f (V) @actually we obtain f (K0V)# in our sample from x9
experimental data making use of Eq. ~7!. Indeed, as pre-
dicted in the previous section, x9(T) data measured at dif-
ferent frequencies merge into a single curve when repre-
sented as a function of the scaling variable K0Vb
5kBT ln(G0 /v) for G0.1012 s21 ~see Fig. 4!. This value for
G0 agrees reasonably well with that obtained fitting the shift
of TB(x8) and TB(x9) with frequency to Eq. ~8!, and with
previous estimations obtained from different experimental
techniques.15,18 It is advisable to have an analytical expres-
sion of f (V) which can be used to calculate other physical
properties. We have tried to fit our experimental data using a
FIG. 3. Frequency dependence of the ac susceptibility of sample
D. ~a! In-phase component; the continuous line is a least-squares
fitting to Curie’s law of data measured above 30 K; the dotted line
represents the contribution due to uncompensated spins for n
59 Hz calculated numerically with Eq. ~6! and the parameters of
Table II. At T55 K and T540 K the antiferromagnetic contribu-
tion, estimated from magnetization measurements, has been added
to the calculated values ~large square dots!. ~b! Imaginary compo-
nent.
TABLE I. Parameters obtained by fitting the frequency depen-
dence of TB(x8) and TB(x9) to Eq. ~8! for the three samples inves-
tigated. Calculated values follow from Eqs. ~9! and ~10! using the
distribution of volumes obtained experimentally ~see below!.
Sample Ue f8 /kB~K! Ue f9 /kB~K! G0(s21)
D 418~50! 269~70! 131012(2)
C 409~50! 272~20! 131012(1)
S 396~50! 267~25! 231012(1)
Calculated 417 270
11 842 PRB 59F. LUIS et al.log normal, a Gaussian, and a gamma function for f (V). The
best fit has been obtained using a gamma function ~see
Fig. 4!:
f ~K0V !5
x
UG
S K0VUG D
b exp~2K0V/UG!
G~b11 ! , ~14!
where x is the magnetic fraction of the sample. Since, in our
case, only the total mass, and not the volume, of the sample
is measured, x is given in terms of volume of magnetic cores
per unit mass of the sample. The parameters UG and b are
listed in Table II for p51/2 and p51/3. It follows from
Eqs. ~9! and ~10! that Ue f9 5(b12p21)UG and that Ue f8
5zUG , where z is a solution of y(z)5*0zy(z)dz and y(z)
5z2p1b21 exp(2z). Calculated values for these two param-
eters are compared to experimental ones in Table I. The
agreement is satisfying.
Once the distribution function is known, numerical inte-
gration of Eq. ~7! gives directly x8. The result of this calcu-
lation ~dashed line! is compared to the experimental results
in Fig. 3~a!. As shown in the figure, the difference between
experimental data and the calculated curve at T55 and 40 K
equals approximately xa f that was estimated from the high-
field slope of magnetization curves ~see below!. We found
that xa f , estimated either from dc and ac experimental data,
decreases as the temperature increases, as pointed out re-
cently by other authors.19 Ne´el associated this behavior to the
decrease of the polarizability of surface magnetic moments.10
Independent experimental results can be useful to esti-
mate which value of p is most appropriate to ferritin, that is,
to determine the atomic spin arrangement in the protein
cores. The saturation magnetization M s of a sample of anti-
ferromagnetic particles is approximately equal to
FIG. 4. Plot of x9 for sample S as a function of the scaling
variable K0Vb /kB for G051012 s21. The continuous line is the best
fit to Eq. ~7! for p51/2 using a gamma function @Eq. ~14!# to
describe the distribution of particles’ volumes. Fitting parameters
are given in Table II.
TABLE II. Parameters of the distribution of particles’ volumes
obtained by fitting the experimental data of Fig. 4 to Eq. ~7!.
p pxK0m2(rkB /K0)2p/6kB2 (emu K2(12p)/g Oe) b UG /kB(K)
1/2 9.77~6!31023 5 54.0~2!
1/3 6.71~3!31022 5 57.8~1!xmrpVp21, being therefore sensitive to the fraction of un-
compensated atomic moments. Moreover, it is relatively easy
to calculate the equilibrium M (H) magnetization curve at a
given temperature.33 We have used the parameters obtained
from the susceptibility, which are given in Table II, and
taken r.2.531022 ions/cm3, m55mB and K0.2.5
3105 erg/cm3 from the literature.12,20 The antiferromagnetic
contribution xa fH has been estimated from the high-field
slope of the experimental magnetization curves ~which, for
H.20 kOe gives xa f.1026 emu/g for sample D at T
540 K). A good agreement with experimental data for 40 K
is obtained for p51/2 ~see Fig. 5!, whereas p51/3 led to a
completely wrong result. That is, only p51/2 is compatible
with both the temperature dependence of x9 and the value of
M s . Thus it seems that not only surface atoms deviate from
the perfect antiferromagnetic order in natural ferritin.
We have also observed that magnetic anisotropy does not
modify drastically the equilibrium magnetization curves of
ferritin samples ~the curve calculated for K050 is only
slightly above the experimental data at intermediate field val-
ues!. It explains that, within the experimental errors, equilib-
rium M (H/T) data measured between 10 and 100 K scale on
a single curve.20
From K0^V&.324kB and K0.2.53105 erg/cm3, which
have been just determined, it follows that the average diam-
eter of ferritin cores is about 7 nm. This value is nearly
identical to the one obtained from previous TEM
experiments.12 The average net magnetic moment is then
334mB per protein core.
C. Effect of the applied field on the magnetic susceptibility
We have measured the temperature and frequency depen-
dence of x8 and x9 under a dc applied field. Experimental
results for v/2p59 Hz are shown in Fig. 6. The maximum
value of both components decreases as the applied field in-
creases, whereas the low-temperature limit of x8 is nearly
field independent. As we discussed at the end of Sec. II, this
field dependence can be qualitatively explained taking into
account the different effect that the applied field has on the
FIG. 5. Isothermal magnetization curve for sample D at T
540 K. Results of numerical calculations for two different values
of the anisotropy energy density K0 are also shown. The parameters
of the calculation are those of Table II (p51/2) and r52.5
31022 ions/cm3, and xa f51026 emu/g.
PRB 59 11 843RESONANT SPIN TUNNELING IN SMALL . . .irreversible and reversible equilibrium susceptibilities ~see
also Fig. 1!. Thus, only a quantitative comparison between
the classical predictions of Sec. II and the experimental re-
sults can help to infer how the applied field modifies mag-
netic relaxation.
We calculated numerically x9 with Eq. ~13!. The volume
distribution that we have previously obtained at zero field
was used in the calculation. The numerical results are com-
pared to the experimental data in Fig. 6~b!. Although the
theoretical curves reproduce the main features of the experi-
ments, there are some quantitative differences between them.
First, the measured susceptibility decreases faster at interme-
diate fields and, second, TB(x9) shifts with field appreciably
more than it is predicted classically. This is more clearly
seen in Fig. 7. We emphasize that Eq. ~13!, that we used to
calculate the theoretical curves, has been obtained assuming
that the uncompensated moments do not change appreciably
with the applied field. As discussed in Sec. II, the field in-
duced increase of m tends to decrease the value of the an-
isotropy field, thus increasing the effect of the applied field
on the energy barriers. Therefore this effect would even en-
large the difference between the experimental data and the
classical predictions.
In Fig. 7 we also compare the classical predictions with
the blocking temperature TB obtained previously from zero-
field cooled dc susceptibility, that presents a minimum at
zero field too.20–22 In the calculations, we followed the
method described in Refs. 25 and 34 but making m}V1/2
that, as we have shown just before, is appropriate for ferritin.
Furthermore, we consider a random orientation of the easy
axes and, as for the ac case, we made use of the distribution
of volumes obtained independently for the same sample ~see
Table II!. The time was taken equal to 1 min. The calcula-
tions show that TB increases with H, as suggested in Refs. 25
and 34, when nonlinear effects become important ~above 0.5
FIG. 6. Ac susceptibility of sample S measured at n59 Hz and
four values of the applied field. ~a! In-phase component; ~b! out-of-
phase component. Continuous lines in ~b! represent the results of
numerical calculations of Eq. ~13! at the same fields, performed
with the parameters of Table II.kOe in our numerical calculations!, reaches a maximum and
decreases at higher fields, in qualitative agreement with the
experimental data. We note that TB obtained from ac or dc
susceptibility experiments can increase with field even for a
classical relaxation mechanism. Thus definite conclusions
about the existence or not of resonant tunneling cannot be
drawn just from the sign of ]TB /]H near H50. However,
both the slope at low field ~as in the calculations of Hanson,
Johansson, and Morup25! and the increase between H50 and
3 kOe ~1 kOe for the ac data! are much smaller than what is
observed experimentally.
We have observed that the frequency dependence of
TB(x8) and TB(x9) obtained experimentally can be fitted
reasonably well to Arrhenius’ law. The corresponding en-
ergy barriers Ue f8 and Ue f9 have minima at zero field too. The
inset of Fig. 7 shows, as a function of the applied field, Ue f9
data obtained experimentally and those deduced from nu-
merical calculations for classical relaxation. It is clear again
that, although both sets of data present a minimum at zero
field, the variation of Ue f9 that we observed experimentally
between H50 and H51 kOe is appreciably larger than
what follows from a classical model.
Briefly, the above data clearly indicate that, in contrast to
the predictions which follow from classical relaxation theo-
ries, the magnetic relaxation in ferritin occurs faster at zero
field. We note that the same conclusion follows from the
observation that dM /dH , obtained from hysteresis loops
measured below TB , presents a sharp peak at H50.20 It is
therefore interesting to measure magnetic viscosity at differ-
ent field values, which we show next. We stress that the
observed behavior cannot be due, as in other previous
examples,35 to interactions between different particles, which
have been shown to play no significant role in our experi-
ments.
D. Relaxation measurements
As reported in Ref. 20, the magnetization decay is well
described by a logarithmic dependence at all values of the
applied field. According to Eq. ~4!, the slope of these curves
FIG. 7. Field dependence of the blocking temperature obtained
from the data of Fig. 6~b! ~dots! and from dc susceptibility experi-
ments ~triangles!. The field dependence of Ue f9 is shown in the inset.
The open symbols represent the classical predictions including the
effect of the distribution of sizes ~see text!.
11 844 PRB 59F. LUIS et al.depends not only on the relaxation mechanism, but on the
initial state of the sample, and the equilibrium magnetization
too. It is therefore important to estimate how @M 0(Vb)
2M eq(Vb ,H ,T)# depends on H and T in order to obtain
S(T ,H) @see Eq. ~5!#. Since this magnitude cannot be di-
rectly measured, we had to use reasonable approximations.
We show next that the ac susceptibility brings the infor-
mation needed in order to compare the viscosity with classi-
cal predictions. We have calculated numerically @M 0(Vb)
2M eq(Vb ,H ,T)# , using that Vb.kBT ln(G0t)/K0 at low
fields. We take the parameters G0.1012 s, p.1/2, and K0
.2.53105 erg/cm3, which were determined previously, and
fixed t5103 s, which is approximately the center ~in loga-
rithmic scale! of our experimental time window. Data ob-
tained with this method are shown in Fig. 8. Above 3 K, S
decreases initially as the field increases from zero. This result
suggests that magnetic relaxation is faster at zero field than at
moderately large fields, in agreement with the anomalous
field dependence of the ac and dc blocking temperatures, and
with the peak observed in dM /dH at zero field. Moreover,
since the distribution of volumes is known, the viscosity ob-
tained by using this normalization method can be compared
directly to the prediction for thermally activated relaxation
that follows from Eq. ~5! ~averaged over the random orien-
tations of the easy axes!. We see that the classical prediction
reproduces ~with no adjustable fitting parameters! reasonably
well how the magnetic viscosity depends on the applied field
above 1 kOe. However, the classical theory predicts a
smooth decrease of S as H decreases towards zero, in con-
tradiction with the increase observed experimentally at both
temperatures.
In the inset of Fig. 8 we show viscosity data that were
previously obtained by dividing (]M )/@] ln(t)# by @M 0
2M eq(H ,T)# , obtained experimentally for the whole
sample.20 The fact that both normalization methods lead to
the same result indicates that the peak observed at zero field
is probably due to the field dependence of the relaxation
times in the sample, and not to an improper normalization of
the data, as has been suggested recently.22
FIG. 8. Magnetic viscosity as a function of the magnetic field
obtained by a new normalization method ~see text! at two different
temperatures. The experimental data are compared to classical pre-
dictions that follow from Eq. ~5!, averaged over a random distribu-
tion of easy axes ~full lines!. The inset shows the viscosity that was
obtained previously20 by a different normalization method.IV. DISCUSSION
We next give a simple explanation to our experimental
data. The spin Hamiltonian for a ferritin molecule at zero
applied field has two terms:
H5Hex1Han . ~15!
The first term in Eq. ~15! represents the exchange inter-
action between the atomic spins. It gives rise to a ground
state with two sublattices of total spin S1 and S2, respec-
tively, coupled antiferromagnetically. The second is a mag-
netic anisotropy term. If, as it is the case for ferritin,20 the
anisotropy energy per spin is much smaller than the ex-
change energy this term just induces a zero-field splitting of
the ground state. States mS and 2mS , corresponding to op-
posite projections of the total uncompensated spin s5S1
2S2 on the anisotropy axis, are nearly degenerate. Off-
diagonal terms in Eq. ~15! induce tunneling between these
nearly degenerate spin states. Let DET be the tunneling split-
ting at maximum resonance, that is, when the longitudinal
local field is equal to zero. Quantum tunneling between two
nearly degenerate spin states mS and 2mS is blocked if the
local field fulfills 2gmBHz
locmS@DET . Since DET increases
exponentially as the energy of the states increases, quantum
tunneling can proceed through states, of energy EmS, which
are close to, but below, the top of the classical energy
barrier.7–9 As the temperature decreases, these states are
thermally depopulated and the relaxation rate decreases ex-
ponentially. Consequently, as it is observed experimentally
by susceptibility measurements ~see Fig. 3!, more and more
particles become blocked.
Coupling of the uncompensated magnetic moment to an
applied magnetic field breaks the degeneracy of the spin
states. At the same time, the field reduces the energy of
higher excited states ~with larger s) with respect to the en-
ergy of the ground state. Let’s estimate the magnitude of the
smallest field that induces a new crossing of spin levels. For
simplicity, we neglect the field induced variation of s. In this
simplified situation, matching of spin levels mS and mS8 , lo-
calized on opposite sides of the energy barrier, occurs ap-
proximately at a longitudinal field Hz5H1, given by the fol-
lowing expression:
H15
Ha
2s . ~16!
Using the average diameter of ferritin cores, it follows that
S1 and S2 are of the order of 104, which is much larger than
the uncompensated spin s;100, deduced from susceptibility
data. Consequently, H1 in ferritin is of the order of the an-
isotropy field for each sublattice @.(s/2S1)Ha#, that is, its
value is of about some kOe. Using the magnetization data
measured at T540 K and that xa f.1026 emu/g, we
roughly estimate that, in average, s increases by at most a
2% from H50 to H51 kOe. Thus Eq. ~16! should give the
correct order of magnitude.
As the field increases from zero, quantum tunneling
through progressively higher excited levels becomes
blocked, therefore the effective energy barrier increases as
was observed experimentally ~see Fig. 7!. Thus relaxation
rates of all particles ~and, consequently, the magnetic viscos-
PRB 59 11 845RESONANT SPIN TUNNELING IN SMALL . . .ity! must decrease, in agreement with experimental data ~see
Fig. 8!. When the magnetic field is so large that tunneling is
blocked for all levels below the classical energy barrier, in-
creasing further the field value just reduces the effective bar-
rier height. Consequently, the viscosity presents a minimum
at a finite field and then increases, as expected for a classical
relaxation behavior. This is precisely how the experimental
S(T ,H) data behave above 3 K and also explains why the
classical prediction reproduces well the data of Fig. 8 at high
fields but fails near zero field. We note that resonant tunnel-
ing can be observed near zero field in ferritin because ~due to
the discreteness of the energy-level spectrum! the next reso-
nance should occur at a field H1 which is not negligibly
small. This and the following resonances are not observed
experimentally since, as follows from Eq. ~16!, the crossing
field depends on the value of the uncompensated magnetic
moment that is different for each molecule.
We discuss now, using the information obtained from the
ac susceptibility, the viscosity data obtained below 3 K. It
was observed that S increases monotonically as the applied
field increases from zero20 and that it becomes temperature
independent below TQ.2.4 K.16 It is tempting to attribute
this behavior to the existence of quantum tunneling from the
lowest energy eigenstates. However, a plateau in S(T) can
also be explained, on classical terms, if the distribution of
energy barriers increases as 1/(KV) in the neighborhood of
KVb(TQ),29 that is, if the number of particles contributing to
the viscosity increases quickly as we decrease the tempera-
ture. Since relaxation experiments last for 100–4000 s,
KVb(TQ) ranges from 97–107 K, approximately. It is clear
from Fig. 4 that f is a smooth decreasing function of KV near
this energy interval. The same should apply for low fields.
Thus the observed temperature independent viscosity16 is
most probably due to quantum tunneling from the ground
state @see Eqs. ~1! and ~4!#.
Now, for any reasonably large off-diagonal term in Eq.
~15!, DET for the ground state should be many orders of
magnitude smaller than the Zeeman energy induced by the
smallest measuring field. Thus coherent tunneling from the
ground state is blocked and it must be assisted by phononswhich conserve energy.36 The field dependence of S that is
observed experimentally follows from the fact that this tun-
neling mechanism is not resonant, that is, its probability is
minimum at zero field but increases as H3 approximately for
each particle. It also explains that x9 does not show any
indication of quantum superparamagnetism, because TQ at
low ~but large enough to block coherent tunneling! fields
must be below our lowest experimentally accessible tem-
perature.
V. CONCLUSIONS
We have presented a detailed experimental study of natu-
ral ferritin. ac susceptibility experiments show that dipolar
magnetic interactions are negligible. Therefore we have used
these data to obtain the distribution of activation volumes in
our samples. Moreover, we have found that dc and ac experi-
mental data are compatible with magnetic disorder extending
to the whole ferritin core, and not only to the surface. The
average diameter obtained from our results is in good agree-
ment with the value observed by TEM.
This careful characterization of the samples is useful in
order to interpret susceptibility and magnetic relaxation ex-
periments performed at different field values. It is clear from
our data that the relaxation mechanism that dominates above
3 K becomes slower as the field increases from zero. This
result is independent of the method we use to normalize
magnetic relaxation data. We therefore conclude that our
data provide strong evidence on the existence at zero field of
resonant tunneling between excited spin states in ferritin. Be-
low 3 K, thermal population of spin states where tunneling is
not blocked is so small that incoherent tunneling from the
lowest-lying states takes place.
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